karyocyte (MK) development is critically informed by plasma membrane-localized receptors that integrate a multiplicity of environmental cues. Given that the current understanding about receptors and ligands involved in megakaryocytopoiesis is based on single targets, we performed a genome-wide search to identify a plasma membrane receptome for developing MKs. We identified 40 transmembrane receptor genes as being upregulated during MK development. Seven of the 40 receptorassociated genes were selected to validate the dataset. These genes included: interleukin-9 receptor (IL9R), transforming growth factor, ␤ receptor II (TGFBR2), interleukin-4 receptor (IL4R), colony stimulating factor-2 receptor-beta (CSFR2B), adiponectin receptor (ADIPOR2), thrombin receptor (F2R), and interleukin-21 receptor (IL21R). RNA and protein analyses confirmed their expression in primary human MKs. Matched ligands to IL9R, TGFBR2, IL4R, CSFR2B, and ADIPOR2 affected megakaryocytopoiesis. IL9 was unique in its ability to increase the number of MKs formed. In contrast, MK colony formation was inhibited by adiponectin, TGF-␤, IL4, and GM-CSF. The thrombin-F2R axis affected platelet function, but not MK development, while IL21 had no apparent detectable effects. ADP-induced platelet aggregation was suppressed by IL9, TGF-␤, IL4, and adiponectin. Overall, six of seven of the plasma membrane receptors were confirmed to have functional roles in MK and platelet biology. Also, results show for the first time that adiponectin plays a regulatory role in MK development. Together these data support a strong likelihood that the 40 transmembrane genes identified as being upregulated during MK development will be an important resource to the research community for deciphering the complex repertoire of environmental cues regulating megakaryocytopoiesis and/or platelet function.
receptors; megakaryocytopoiesis; thrombocytopoiesis; hematopoiesis; microarray MEGAKARYOCYTOPOIESIS INVOLVES the proliferation and differentiation of hematopoietic stem cells to form megakaryocyte (MK) progenitors that undergo a maturation process that culminates in a release of ϳ10 11 platelets per day into the blood circulation (31) . This process is tightly regulated by a number of factors, which include extracellular cues such as cytokines, cell-to-cell interactions, and cell-to-extracellular matrix interactions. Among cytokines that are known to act as important extracellular regulators of megakaryocytopoiesis is the main physiological stimulator of this specific cell-lineage commitment, thrombopoietin (TPO) (17) . Additionally, interleukin 3 (IL3), interleukin 6 (IL6), interleukin 11 (IL11), stem cell factor (SCF), and fms-like tyrosine kinase 3 ligand act as positive regulators of MK development (17, 31) . There are also several cytokines such as transforming growth factor-beta (TGF-␤), platelet factor 4, and interleukin 4 (IL4) that are documented as negative regulators of MK development (31) .
The importance of megakaryocytopoiesis and platelet biogenesis is apparent; morbidity and mortality from bleeding due to moderate to severe thrombocytopenia are major problems facing a wide range of patients. An effective treatment to combat bleeding disorders is the transfusion of allogeneic platelets into patients with low platelet numbers and/or functionally defective platelets. However, because platelet products have a short shelf-life and because there is also a high demand for their use in transfusion settings, it is not uncommon for medical facilities to experience shortages of transfusable platelets. Consequently, achieving a readily available and constant supply of allogeneic platelets for transfusion purposes continues to be a challenging endeavor for blood banks.
Platelet shortages may one day be alleviated through clinical-scale in vitro production of platelets from stem cells. Efforts to achieve such an endeavor are currently underway, but despite the progress made the number and quality of platelets produced in vitro are inefficient (25) . As a result, it is still not feasible to produce large-scale numbers of functional MKs that can generate platelets in quantities that are needed for clinical applications (17) . A key to achieve this endeavor will be knowing how to regulate an artificial environment that supports MK development and platelet biogenesis. This will necessitate a comprehensive understanding of the complex nature of the numerous environmental cues that facilitate the proliferation and differentiation of MK progenitors, MK maturation, and release of platelets from mature MKs.
In view of the fact that receptors found on the surface of a cell are responsible for integrating a multiplicity of environmental cues to instruct cells to perform biological responses (i.e., divide, differentiate, die), the objectives of this study are to use a systems biology approach to generate a map of receptors that are upregulated during the development of human MKs and to validate the robustness of the dataset. A list of receptor-associated genes upregulated during MK development is presented and is composed of well-characterized genes previously documented as playing a role in MK development and platelet biology. Also, there are genes in the dataset with assigned functions or unknown functions that have no prior association with the MK lineage of development. The strength of this dataset indicates that it should be useful for identifying novel ligand-receptor systems that play functional roles in MK development and/or in modulating platelet biology.
MATERIALS AND METHODS

Cytokines and antibodies.
Recombinant human cytokines IL3, IL6, SCF, interleukin 21 (IL21), interleukin 9 (IL9), thrombin, TGF-␤, IL4, granulocyte/macrophage-colony stimulating factor (GM-CSF) and adiponectin were purchased from R&D Systems (Minneapolis, MN). Phycoerythrin (PE)-conjugated anti-human antibodies CD41a, CD61, and FITC-conjugated anti-human CD61 were purchased from BD Biosciences (San Jose, CA; http://www.bdbiosciences.com). PEconjugated anti-human antibodies to IL9R, TGFBR2, and CSF2RB, and allophycocyanin-conjugated anti-human antibodies to IL4Ra, and IL21R were purchased from R&D Systems. Anti-human antibodies F2R was obtained from R&D and anti-human ADIPOR2 was purchased from ABBIOTEC (San Diego, CA To isolate highly purified populations of CD34ϩ/CD38 lo cells, aliquots of frozen CD34ϩ cells were thawed rapidly at 37°C and costained with antibodies directed against CD34 and CD38 antigens. Adult bone marrow (BM) CD34ϩ cells were subpopulated based on coexpression of CD38 using a FACSVantage flow cytometer (Becton Dickinson, San Jose, CA) to obtain a CD34ϩ/CD38 lo population of cells with Ͼ95% purity (26) .
Purification of human umbilical cord blood CD34ϩ cells. We received donated human umbilical cord blood (UCB) after obtaining informed consent. UCB was processed by addition of 6% (wt/vol) Hetastarch (Hospira, Lake Forest, IL) to a final concentration of 1.2% (28) , and gravity sedimentation over 60 min. The leukocyte-enriched supernatant was removed and centrifuged for 10 min at 300 g, and the leukocyte-poor supernatant was removed. The cell pellet was treated with ACK lysing buffer (Invitrogen), followed by a wash with PBS. To obtain highly purified CD34ϩ cells, leukocyte-enriched fractions were labeled with anti-CD34 antibody conjugated to magnetic microbeads (Miltenyi Biotec, Bergisch Gladbach, Germany). CD34ϩ cells were positively selected with an autoMACS separator according to the manufacturer's instruction. Greater than 90% of the enriched cells were CD34ϩ cells as determined by flow cytometry (FACSCaliber, Becton Dickinson).
Culture-derived megakaryocytes. Purified populations of marrow CD34ϩ/CD38 lo cells or UCB CD34ϩ cells were seeded at a density of 5 ϫ 10 4 cells/ml and cultured in serum-free X-VIVO 10 medium supplemented with a cytokine combination consisting of IL3 (10 ng/ml), IL6 (10 ng/ml), SCF (10 ng/ml), and TPO (50 ng/ml) (day 0) (12) . The suspension cultures were incubated for 10 days at 37°C in a 5% CO 2 humidified chamber. Microarrays. As we previously published (32), microarray analyses of uncultured CD34ϩ/CD38 lo cells and culture derived MKs were performed according to the manufacturer's instructions (Affymetrix, Santa Clara, CA). Briefly, the quantity and purity of total RNA were analyzed by UV spectrophotometry, and the integrity of intact total RNA was verified. Biotin-labeled target cRNA was prepared from 8 g of total RNA from each sample and hybridized to Human Genome U133A and U133B Affymetrix GeneChips (Affymetrix). The hybridized chips were washed and stained with streptavidin phycoerythrin solution, then scanned at a wavelength of 570 nm using an Affymetrix HP GeneArray Scanner (Santa Clara, CA).
Microarray data were analyzed with the Rosetta Resolver Expression Data Analysis System (Resolver) (Rosetta Biosoftware, Kirkland, WA), which utilizes an error-modeling-based approach verified through self-vs.-self experiments, rather than the nonparametric statistical method of MAS 5.0 (http://www.rosettainpharmatics.com/ products/resolver/default.htm, website no longer accessible). The calculation of statistical confidence (P value) was derived from the total calculated error consisting of both random and systematic error. Gene expression profiles of significantly changed transcripts were then generated using a fold change cut-off of Ն1.5 and a P value of Յ0.01. Profiles from each of three biological replicate experiments were intersected to attain a set of reproducible genes.
Megakaryome and genome receptome enrichment gene list. To define a list of training genes that make up the megakaryome, we used the Toppgene database (http://toppgene.cchmc.org/) (5). To derive this list, genes were identified from mouse and human gene ontology annotations, pathway associations, and those that have been observed in mouse gene knockout models that cause abnormal MK development or abnormal platelet function. Receptors localized to the plasma membrane were identified using the Human Plasma Membrane Receptome database (http://Receptome.Stanford.edu) (2) .
Semiquantitative reverse transcriptase-polymerase chain reaction. Total RNA (100 ng) from uncultured or cultured-derived MKs was reverse transcribed into cDNA using the SuperScript III First-Strand Synthesis Kit (Invitrogen), and PCR was performed using Platinum Taq DNA polymerase (Invitrogen). The thermocycling program consisted of: denaturation at 95°C for 10 s, followed by 40 cycles (35 cycles for Adiponectin Receptor 2) of PCR (95°C for 10 s, 55°C for 5 s, 72°C for 10 s), and an additional incubation for 10 min at 72°C. In each case, product identity was demonstrated by the presence of a single band of the appropriate size when analyzed by electrophoresis on a 1% agarose gel.
Platelet immunophenotyping and aggregation studies. For immunophenotyping, seven volumes of human whole blood was drawn into one volume of anticoagulant citrate dextrose solution A (Citra Anticoagulant, Braintree, MA) and centrifuged at 120 g for 10 min with the centrifuge brake in the off mode. The top layer or platelet-rich plasma (PRP) was removed and centrifuged at 1,200 g for 10 min. The supernatant was removed, and the platelet pellet was resuspended in citrate-glucose-saline buffer containing 120 mM sodium chloride, 13 mM sodium citrate, and 30 mM glucose buffer prior to labeling with antibodies for flow cytometry or for preparing a cell lysate for Western blot analysis.
For aggregation studies, human whole blood was drawn into 3.8% sodium citrate and centrifuged at 120 g for 10 min, and the PRP was transferred into a fresh tube. The remaining whole blood was again centrifuged at 2,000 g for 10 min to obtain a plateletpoor plasma (PPP) fraction. Using the PPP, we adjusted the platelet count of the PRP to 250,000 platelets/l. We determined percent aggregation using an AggRAM aggregometer (Helena Laboratories, Beaumont, TX) after adding 50 or 500 ng/ml of a given cytokine as indicated in text. Tyrode's buffer was added as negative control. For adenosine diphosphate (ADP)-induced platelet aggregation, we preincubated PRP samples with 500 ng/ml of a given cytokine for 5 min and then added 20 M of ADP. The percent aggregation of platelets was determined by an AggRAM aggregometer.
Direct and indirect antigen labeling. Cells were collected by centrifugation and resuspended into PBS/2% BS. Cells were then stained with FITC-or PE-conjugated antibodies or the corresponding isotype controls and incubated for 15 min. Cells were washed and analyzed on a FACSCalibur flow cytometer. For indirect labeling, after labeling cells with a primary antibody, we stained cells with FITC-or PE-conjugated secondary antibodies. Cells were then analyzed on a FACSCalibur flow cytometer.
MK colony-forming-unit assay. Megakaryocyte colony-formingunit (CFU-MK) assays were preformed according to the manufacturer's instructions (Stemcell Technologies, Vancouver, Canada). Briefly, UCB CD 34ϩ cells were cultured in collagen and serum-free MegaCult-C medium supplemented with 10 ng/ml IL3, 10 ng/ml IL6, 10 ng/ml SCF, 50 ng/ml TPO (36ST) along with an additional cytokine as indicated in the text. After 12 days, cultures were dehydrated, fixed, and then immunostained for CD41, a marker of MK differentiation.
TGF-␤ detection. UCB CD34ϩ cells were cultured in X-VIVO 10 supplemented with 36ST for 10 days. Supernatant was collected and concentrated using Amicon Ultra-15 centrifugal filter units with ultracel-3 membrane (Millipore, Billerica, CA). Culture supernatant http://physiolgenomics.physiology.org/ was split in half, and one-half of the fraction was treated with HCl for 10 min followed by neutralization with NaOH/HEPES, and the other half was not treated. Detection of TGF-␤1 in the treated (i.e., total TGF-␤1) and untreated (i.e., activated TGF-␤1) fractions were performed using a human TGF-␤1 ELISA immunoassay kit (R&D Systems). Concentrations of total and activated TGF-␤1 were determined against a standard curve. The concentration of latent TGF-␤1 in the culture supernatant was calculated by subtracting the concentration of activated TGF-␤1 from total TGF-␤1. Statistical analysis. Data are presented as means Ϯ standard error of the mean, and significant differences were determined by ANOVA.
RESULTS
Receptor-associated genes upregulated during in vitro megakaryocytopoiesis.
A genome-wide search to identify all receptors whose ligands might have important functional roles in MK development was performed by using a powerful in vitro MK differentiation platform. This involved isolating marrow CD34ϩ/CD38 lo cells and culturing the cells for 10 days with a cytokine combination that was previously reported to induce unilineage megakaryocytopoiesis (12) . In our hands, this resulted in 72 Ϯ 5% of cells expressing the CD41 antigen at 10 days of culture and ϳ90% by 14 days. Using uncultured CD34 ϩ /CD38 lo cells and culture-derived MKs, we generated transcript expression profiles and compared the profiles with each other to identify differentially expressed genes. A heat map of gene expression levels for replicate samples showed that there was reasonable similarity among the datasets (data not shown). Analyses of the data indicated that a total of 3,035 genes significantly changed. Of the differentially expressed transcripts, expression levels for 1,267 increased (i.e., Ͼ1.5- To identify potential paracrine/autocrine signaling systems involved in MK development, we used the Human Plasma Membrane Receptome database (http://receptome.stanford.edu) to interrogate genes contained within the microarray dataset that are classified as membrane receptors. Investigation of the transcriptome database against a liganded receptome revealed that there were 40 upregulated (Table 1 ) and 37 downregulated ligand-receptor pairs ( Table 2 ). The analyses also revealed that among the 40 upregulated receptors there were 10 classified as orphan receptors and among 37 downregulated genes there were 11 orphan receptors. The receptors were then surveyed against a defined set of "training genes" known to be specifically critical for the development and function of megakaryocytes and platelets (i.e., megakaryome, 519 genes) (Supplement 2). Of the 40 upregulated genes, 11 transcripts were found to be common to the megakaryome dataset. The common upregulated genes included ADAM10, CD55, CD63, F2R, ICAM2, IL6ST, ITGA2B, ITGB1, ITGB3, PTGIR, and SELP. Since it is unlikely that genes downregulated during MK development are involved in the function of MKs and platelets, it was not surprising that only one gene of the 37 downregulated receptor genes, ITGA2, was also found in the megakaryome dataset.
To validate the robustness of the microarray dataset, a subset of seven genes from the list of 40 upregulated ligand-receptor pairs was chosen for further examination. These seven receptor genes were chosen because their ligands were commercially available. Of the seven receptor genes, only the coagulation factor II (thrombin) receptor (F2R) was common to both the megakaryome and Human Plasma Membrane Receptome. The remaining six genes, IL21R, IL9R, CSF2RB, ADIPOR2, TGFBR2, and IL4R, were not found in the megakaryome database.
RNA and protein expression levels in MKs were confirmed for each of the seven genes. RT-PCR was used to verify RNA levels in culture-derived MKs (Fig. 1A) , and flow cytometry was used to examine protein levels. Greater than 50% of culture-derived CD41ϩ cells expressed IL21R, F2R, and IL4R (Fig. 1B) . Receptors IL9R, TGFBR2, CSF2RB, and ADIPOR2 were expressed on 14, 28, 19, and 27% of MKs, respectively (Fig. 1B) .
To further investigate receptor expression during MK maturation, we compared receptor expression on a subpopulation of CD41ϩCD42bϪ MKs to a more mature subset of MKs defined as CD41ϩCD42bϩ (Fig. 2) . Histogram plots indicated that the mean fluorescent intensity (MFI) for six of the seven receptors (i.e., IL21R, IL9R, F2R, TGFBR2, CSF2R, ADIPOR) was greater on CD41ϩCD42bϩ cells than on CD41ϩCD42bϪ cells (Fig. 2A) . The percent of cells expressing each of the five receptors was significantly higher (P Ͻ 0.05) on CD41ϩCD42bϩ cells than on CD41ϩCD42bϪ cells (Fig. 2B) . The percent of CD41ϩCD42bϩ expressing ADIPOR2 slightly increased but did not reach significance.
Proliferation and differentiation responses to each receptor's cognate ligand. Functional roles for each of the seven receptors during megakaryocytopoiesis were probed by evaluating the effects of their cognate ligands on in vitro MK proliferation and differentiation. The ligands IL21, IL9, Thrombin, TGF-␤, IL4, adiponectin, and GM-CSF were used to test whether the plasma membrane receptors IL21R, IL9R, F2R, TGFBR2, IL4R, ADIPOR2, and CSF2RB facilitated MK development, respectively. This was accomplished by initiating cultures of UCB CD34ϩ cells with an MK induction base media containing the cytokine combination of 36ST (i.e., control) plus one of the following cytokines: IL21, IL9, Thrombin, TGF-␤, IL4, adiponectin, or GM-CSF. After 10 days of culture, results showed that relative to control cultures (i.e., 36ST only) the proliferation of UCB CD34ϩ cells was significantly increased with the addition of GM-CSF and inhibited with TGF-␤ and adiponectin (Fig. 3A) . The remaining 1 The online version of this article contains supplemental material. cytokines did not have any apparent effect on proliferation (Fig. 3A) . Since gene expression for each of the seven receptors increased as cells underwent MK development, we rationalized that addition of their matched-ligand might have a greater impact on culture outcome if added late in the cultures (i.e., at day 7 of culture) rather than at the time that the cultures were initiated. To execute these experiments, UCB CD34ϩ cells were cultured for 7 days with 36ST prior to the addition of each individual test cytokine and cultured for an additional 7 days. The results now showed that IL9 had a positive impact on proliferation and even though not significant GM-CSF continued to promote cell proliferation (Fig. 3B) . TGF-␤ strongly inhibited cell proliferation independently of whether it was added at day 0 or day 7 (Fig. 3B) . Decreased cellular outputs were also apparent in the presence of adiponectin and IL4; however, neither reached statistical significance.
We measured the impact that each of the seven cytokines had on the differentiation response of UCB CD34ϩ cells as the cells were induced along the MK lineage by monitoring the expression level of the CD41 antigen, as well as a feature unique to megakaryocytopoiesis, polyploidization. When one of the seven cytokines in question was added at the time UCB CD34ϩ cultures were initiated with base medium containing 36ST, the percent of cells expressing CD41 at day 10 of culture was similar to control cultures except when IL4 and GM-CSF were present in the cultures (Fig. 4A) . The absolute counts show that fewer total CD41ϩ cells were produced relative to control cultures in the presence of TGF-␤, IL4, and adiponectin (Fig.  4B) . The results also show that, when ligand addition occurred 7 days after culture initiation with 36ST, the percent of cells expressing CD41 was similar to the control except in the presence of TGF-␤ and IL4 (Fig. 4C) , while absolute counts indicate, relative to control cultures, that there were significantly greater numbers of CD41ϩ cells with IL9 and fewer total CD41ϩ cells with TGF-␤ (Fig. 4D) . The results of ploidy analyses indicate that no significant changes in polyploidization were observed when each of the seven cytokines were added at the time that UCB CD34ϩ cultures were initiated with 36ST (data not shown).
The effect of each cytokine on the formation of CFU-MKs is shown in Fig. 5 . Significant reductions (P Ͻ 0.5) in colony formation by 56, 57, 31, and 38% relative to control cultures were seen with TGF-␤, IL4, GM-CSF, and adiponectin, respectively. The cytokines IL21, IL9, and thrombin did not cause any significant change in CFU-MK formation.
Receptor expression on platelets. As terminal differentiation of MKs culminates in the formation of platelets, we examined the expression level of the seven receptors in platelets. Histogram plots from flow cytometric analyses showed that the MFI for the expression of F2R and CSF2R were substantially greater than for isotype controls (Fig. 6A) . The percent of platelets that expressed F2R and CSF2RB was 85 Ϯ 8.5 and 69 Ϯ 13% (means Ϯ SE), respectively (Fig. 6B) . IL21R, IL9R, TGFBR2, IL4R, and ADIPOR2 were expressed on 6.8 Ϯ 5.6, 3.4 Ϯ 2.7, 3.4 Ϯ 3.1, 24 Ϯ 7.3, and 12 Ϯ 3.7% of platelets, respectively. Even though receptors F2R, CSF2RB, and ADIPOR2 were highly expressed on platelets, platelet aggregation studies showed that only thrombin induced platelet aggregation (Fig. 7A) . On the other hand, when platelets were independently preincubated with each of the seven cytokines (500 ng/ml) for 5 min, prior to the addition of the platelet agonist ADP, ADP-induced platelet aggregation was significantly inhibited to where only 28 Ϯ 7, 34 Ϯ 31, 32 Ϯ 7, 62 Ϯ 5% of platelet aggregated when IL9, TGF-␤1, IL4, or adiponectin was preincubated with platelets prior to ADP addition (Fig. 7B) .
Autoexpression of cognate ligands. Since autocrine signaling can regulate stem cell development, the microarray data were analyzed to determine whether transcripts for cytokines to each of the seven receptors IL21R, IL9R, F2R, TGFBR2, IL4R, ADIPOR2, and CSF2RB were differentially expressed between uncultured CD34 ϩ /CD38 lo cells and culture-derived MKs. We found that only the transcript for the cytokine TGF-␤ increased in expression level. This finding was confirmed by semiquantitative RT-PCR of culture-derived MKs (Fig. 8) . To determine whether this translated into a secretion of TGF-␤ by developing MKs, we examined culture supernatants and found TGF-␤ levels of 2,228 Ϯ 1,599 pg/ml of media (n ϭ 5). Further analysis indicated that the majority of the secreted TGF-␤ was in the latent form.
DISCUSSION
This is the first report in which a set of plasma membrane genes is collated to constitute a developing MK receptome. (Table 1 ). This list is composed of 40 plasma membrane receptor genes that are significantly upregulated as adult hematopoietic CD34 ϩ /CD38 lo cells are induced to become MKs.
Among this list are receptors that are well known (e.g., TGFBR2, F2R) and others that are less well known (e.g., CCRL2, SEMA4D; ADIPOR2) or unknown (e.g., IL21R) to have a role in MK and/or platelet biology. Of the seven of the 40 differentially expressed transcripts selected to validate the robustness of the dataset, protein expression levels for all seven are observed in MKs. Furthermore, the robustness of the dataset is illustrated by our findings that six of seven ligand-receptor pairs, IL9/IL9R, thrombin/ F2R, TGF-␤/TGFBR2, IL4/IL4R, GM-CSF/CSF2RB, and adiponectin/ADIPOR2, have significant biological effects on the MK lineage. Of the seven cytokine receptors expressed by MKs, F2R, IL4R, and CSF2RB are readily detected on platelets by flow cytometry, while levels of ADIPOR2 are low and IL21R, IL9R, TGFBR2 are negligible. Of the seven matchedreceptor ligands, the IL21 cytokine is the only one with no apparent biological effect on MK development. However, because assays are limited in this study, this does not preclude a role for the IL21/IL21R ligand-receptor axis in the biology of MKs/platelets. This is also the first study to show that MK colony formation is significantly inhibited by adiponectin (P ϭ 0.037). Thus, suggesting that levels of adiponectin are relevant for regulating megakaryocytopoiesis. Adiponectin is a well-documented regulator of a number of metabolic processes (19) ; it is expressed in adult BM (34) and in 2007 identified as a novel hematopoietic stem cell growth factor (9) . Adiponectin levels inversely correlate with body fat content in adults (8, 33) , and in individuals with hematological disorders (1, 23) . Adiponectin suppresses BM granulocyte/macrophage colony formation (7) and is secreted by adipocytes, as well as by a number of other cell types (3, 7, 16, 21, 24, 35) . Adipocytes are the most abundant stromal cells in adult BM (10) and are a production site for TNF-␣ (27) and TGF-␤ (14), which inhibit both fat formation and MK maturation. By use of a human cytokine antibody array, it is also recently shown that adiponectin is among a group of cytokines with the highest levels of detection in platelet lysates (13) . On the basis of our findings along with findings from other investigators, it is intriguing to speculate that MK progenitor production may be regulated in part by adiponectin levels. Given the inverse correlation of body fat content to adiponectin levels (1, 24) and our finding that adiponectin inhibits MK colony formation. The prediction is that the production of MK progenitors will increase as adiponectin levels decrease or as body fat content increases. This prediction is partially supported by the observation that obese females have lower adiponectin levels and significantly elevated platelet counts compared with normal-weight females (30) . In addition, our observation that adiponectin inhibits ADP-induced platelet aggregation supports a role for adiponectin in modulating platelet function. This observation is in agreement with a previous report that indicates that high concentration of adiponectin (Ͼ25 g/ml) diminishes epinephrine-and ADP-induced platelet aggregation (27) .
Our finding that TGF-␤ strongly inhibits MK development is in agreement with work by other investigators (11, 18, 29) . Examination of our microarray dataset for gene expression of cognate ligands to each of the seven selected receptors showed that only the transcript for the cytokine, TGF-␤, is upregulated. This is confirmed by findings that TGF-␤ is secreted into the supernatant of MK cultures. Given that TGF-␤ when exoge- nously added to cultures inhibited the proliferation of MK progenitors, it is interesting that autocrine TGF-␤ has apparently no inhibitory effect on in vitro megakaryocytopoiesis. This is because autocrine TGF-␤ is predominantly secreted into the culture supernatant in a latent form. The observation that there is an autocrine secretion of latent TGF-␤ into culture supernatant is important, especially when one considers the design of stem cell culture systems with feeder cells, such as endothelial and/or stromal cells, to support an in vitro MK production. As feeder cells produce TSP-1, MMP-9, and MMP-2, which are known to cleave latent TGF-␤ (30, 36) . Consequently, a bioreactor design with such a coculture design may require an addition of neutralizing antibodies and/or antagonists to TGF-␤ to enhance MK development. This is the first report that CSFR2B is expressed on MKs and platelets. CSFR2B is the common beta chain for not only the GM-CSF receptor, but also the IL-3 and IL5 receptors (22) . Although other studies have reported that GM-CSF modestly stimulates CFU-MK formation (20) , in our study GM-CSF inhibited MK colony formation and MK differentiation. This contradiction in findings may be due to the concentration of GM-CSF, as Chen et al. (6) indicate that low concentrations of GM-CSF stimulate MK colony formation and high doses are inhibitory. On the other hand, we suspect that the high proliferative responses (i.e., increased TNC counts) in the presence of GM-CSF even while CFU-MK progenitor growth is inhibited is most likely due to GM-CSF supporting the growth of other hematopoietic cell lineages such as granulocytes and monocytes (4) . As noted by D'Atri et al. (8) , the inhibitory effect of GM-CSF on CD41ϩ cells is a result of a switch of CD34ϩ cells differentiation toward the monocytic lineage. The finding that CSFR2B is also expressed on platelets sug- gests that GM-CSF might have a biological role in modulating platelet function. However, despite the presence of CSF2RB on platelets and in agreement with the findings of other investigators (15), GM-CSF alone did not induce platelet aggregation.
Not surprisingly, different proliferation and differentiation responses are dependent upon the timing of when some of the seven cytokines are added to UCB CD34ϩ cultures that are initiated with a base medium containing 36ST. This is especially evident when comparing the proliferation response of cells supplemented with IL9 at day 0 vs. day 7 of culture. When IL9 is added at day 7 of culture, IL9 significantly increases the proliferative response of cells (Fig. 2B) . However, IL9 has no apparent effect on the number of TNCs produced when added at the time that cultures are initiated ( Fig. 2A) . IL9 stimulatory effects on MK development are in agreement with a previous report from the literature (16) .
These studies validate that differentially expressed plasmamembrane receptors identified by microarray analyses of developing MKs have functional roles in megakaryocytopoiesis and platelet biology, thus suggesting that there is a strong likelihood that the remaining 33 of the 40 upregulated plasma membrane-localized receptors have important biological roles in the function and/or development of MKs and platelets (Table 1 ). Among the remaining 33 genes are ligand-receptor pairs that are implicated in MK development, but receptor expression is not definitively reported in MKs. There are also orphan receptors in the microarray dataset that may help to identify new ligands that participate in megakaryocytopoiesis ( Table 1) . The creation of a developing MK receptome provides an opportunity for users to identify functional roles for previously uncharacterized matched receptor-ligand systems that integrate a multiplicity of environmental cues that are critical for MK development and platelet biology. Moreover, this work provides a foundation for subsequent studies to characterize the role of the plasma membrane-localized receptors that are downregulated as stem cells are induced to differentiate (Table 2) .
ACKNOWLEDGMENTS
We thank Najla Abdurraham for technical help and Doug Bolgiano for statistical help.
GRANTS
This work was supported in part by funding from the Puget Sound Blood Center and National Heart, Lung, and Blood Institute Grant HL-081015 (J.-A. Reems).
DISCLOSURES
No conflicts of interest, financial or otherwise, are declared by the author(s). 
